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A Device for Audio-Frequency Power Measurement

GUANG-QUI TONG, ZHONG-TAI QIAN, XIU-YE XU, anp LING-XIANG LIU

Abstraci—A new device for the measurement of audio-frequency
power is introduced. This device can also be used to measure aundio-
frequency voltage and current. The full range of power factors are
accomodated (cos ¢ = 0 to 1 ). Voltage and current measuring ranges
are 15-600 V and 0.1-10 A, respectively. When cos ¢ = 1, the per-
missible error of the power measurement is from 50 to 150 ppm over
the frequency range of 40 Hz to 10 kHz (including the line power fre-
quency).

[. INTRODUCTION

INCE THE beginning of the 1960°s, an accurate de-

vice (XF-1) for calibrating instruments and meters of
current, voltage, and power at dc and audio-frequencies
was produced in China, and the technology of electric
measurement at audio-frequency was developed. How-
ever, the accuracy of power measurements above | kHz
over the audio-frequency range had not been improved
since that time because of leakage between the current and
voltage input loops, and because of the difficulties in de-
veloping an audio-frequency amplifier with high accuracy
and low phase shift, simultaneously. Therefore, until the
new device had become available, the accuracy of power
measurements made by the XF-1 had not been determined
above 1 kHz. Hence, some design approaches for a new
device were suggested by the authors as follows.

1) Technical problems in performing power measure-
ments at high frequency and low power factor must be
overcome, so0 that the accuracy of these measurements can
be improved.

2) The means for making automatic measurements with
the new device will be provided to fill the requirements
for automatic calibration of digitial wattmeters.

3) The measuring principle and circuit designs of the
new device should suit the manufacturing process. The
adjustment and the compensation of each component in
the new device should be simple, and each component can
be calibrated and used independently.

II. Tue Ky PROBLEMS IN THE MEASUREMENT OF
Power AT HiGH Aupio-FrREQUENCIES

.. Through analysis of the data obtained using the XF-1,
the following two aspects have been found to be the key
problems in making power measurements at high audio-
frequencies and low power factor.
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Fig. 1. The power measurement circuit of the XF-1.

1) Interference Between the AC Voltage Input Loop and
the AC Current Input Loop: Electric power is a function
of the corresponding voltage and current. When an instru-
ment for measuring single phase power has four input ter-
minals, the power must be supplied by a separate voltage
source and a separate current source. The two sources
have four output terminals to connect to the power meter.
According to the theory of network analysis, a power me-
ter with four input terminals is affected by three indepen-
dent signals. Therefore, the power meter is sensitive to
an interference signal besides the voltage and current in-
put signals. The interference signal is a voltage between
the voltage and current input loops of the power meter
when the two input loops are insulated from each other in
the instrument; otherwise, the interference is a leakage
current between the two input loops when the two input
loops are connected in the instrument, as for the example
in the model XF-1, which is shown in Fig. 1. The current
Ai, is the leakage current between the two input loops,
and the accuracy of the power measurement is seriously
decreased by Ai, at high frequencies and lower power
factors. In addition, when the voltage and current sources
are supplied by the main supply using two power supply
transformers, a leakage current at the power frequency is
produced through the power measurement circuit of the
instrument by leakage admittances between primary and
secondary coils. Thercfore, a beat frequency signal,
caused by the two signals and the leakage current near the
power frequency, will create an undesired increase in the
power measurement.

2) High Accuracy, Wide Frequency Band Ampli-
fiers: Many kinds of feedback amplifiers have been used
in power measurement circuits in the last several years,
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Fig. 2. (a) The power measurement circuit of the new device. (b) The voli-
age or current measurement circuit of the new device.

and have mainly been applied to the amplification of volt-
age and power. Because the gain bandwidth product of
feedback amplifiers has been restricted, the operating fre-
quency range of a single feedback-loop amplifier has also
been limited to less than 1 kHz when the gain accuracy
of the amplifier is about 100 ppm. The closed-loop phase
error will be increased, and the amplitude error will ap-
proximate the square of the phase error, when the ampli-
fier is operated at the high end of its operating frequency
range. Therefore, when the power meter has been con-
structed using a single feedback-loop amplifier, the power
measurement error is quite large at low power factor and
high frequency. For the error in power measurement
caused by the amplifier to be negligible, the closed-loop
gain error of the amplifier should be less than 10 ppm over
the whole operating frequency range. To realize an am-
plifier error of less than 10 ppm, some additional work
was needed on the theory and circuits of feedback ampli-
fiers.

III. A VoLtace FoLLOWER OF HIGH ACCURACY

The theory of the combined feedback amplifier was in-
troduced in [1] and verified in practice over the last ten
years. When a new device for audio-frequency power
measurement was being studied, a high quality follower
amplifier was developed. The input impedance of this am-
plifier is more than 10 M2, the output impedance is less
than 0.001 £, and the input noise is less than 0.5 pV (in
a 1-Hz band). The dc drift of the input is about 2 pV /day,
and the error in the closed-loop gain is less than + 10 ppm
over the frequency range from dc to 10 kHz. The ampli-
fier is direct coupled, needs only a dc power supply, and
is not sensitive to the voltage fluctuations of the supply.
An isolation transformer with three-stage cores (the ratio

of voltage is 1:1) has also been employed. Its voltage
ratio error is less than 2 ppm (40 Hz to 10 kHz). This
isolation transformer and the voltage follower have been
combined to connect the three key parts of the new device
(see Fig. 5) so that all of the ermor caused by the inter-
connections can be neglected, as illustrated in Fig. 3
{connecting circuit).

IV. New VoLTAGE MULTIPLIER

A new kind of voltage multiplier, as shown in Fig. 2(a).
has been adopted for the input circuit in order to remove
electrical leakage between the voltage input loop and the
current input loop of the power meter. When the ther-
moelectric potential of thermal converter T, is equal to
that of thermal converter T;, we have

(2)

where ¢ = phase difference of two ac input voltages (u,.
u;) and u; is the output voltage from a current shunt. Thus
power measurements can be realized with the circuit of
Fig. 2(a). A similar circuit can be used 0 measure ac
voltage and current, as shown in Fig. 2(b), where « is the
output voltage from a voltage divider or a current shunt.
When the thermal EMF of the two thermal converters is
balanced, we have

Uy, U CO5 ¢ . UIJI.'| UIJL'E

H=Ud._. {3}

where the thermoelectric potential is about 10 mV when
u and Uy are the rated values.

The characteristics of the new voltage multiplier are de-
scribed in the following.

1) The new multiplier is composed of some resistors
and two multijunction thermal converters (MITC's). Be-
cause all resistance values of the resistors and heaters of
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Fig. 3. Schematic diagram of the inductive shuni,

the two thermal converters are of a median value of 77 22,
the multiplier frequency response is very good (i.e., time
constants are about 0.1-1.0 ns). Also, the heaters of the
MITC have been designed to operate in a power-matching
state, 50 that the high and low frequency error of the ther-
mal converters has been reduced sharply [2].

2) The phase angle error of the multiplier can be self-
calibrated because its two inputs are symmetrical. This
phase calibration is accomplished by determining the re-
sidual phase error when applying quadrature input signals
to the multiplier [3]. The amplitude error of the multiplier
at cos ¢ = 1 can be calibrated independently with an ac-
de voltage transfer standard and a high accuracy inductive
divider whose turns-ratio is 1:1; therefore, a higher ac-
curacy standard is not required for calibrating the multi-
plier.

3) Two ac and two dc voltage signals are simulta-
neously applied to the multiplier with the two thermal
converters working at the same temperature; therefore,
this operating mode can reduce the error due to deviation
from the quadratic response to a negligible level. More-
over, the ac voltage automatically tracks the dc voltage
through the thermoelectric potential difference of the two
thermal converters. This EMF difference is then ampli-
fied.

4) There are only three input terminals to the multi-
plier, and a common point for two input loops; therefore,
there is no interference between the two voltage input
loops of the multiplier.

V. IsoLaTinGg INDUCTIVE SHUNT aND AC CURRENT
InrPuT LoOP

The principle circuit of the inductive shunt is shown in
Fig. 3. The nominal value of the resistor R, is 20 1. The
error of its resistance value is less than 10 ppm after ad-

justment, the time constant is less than 3 ns before com-
pensation, and the temperature coefficient is less than 2
ppm/ °C. The rated current of resistor R; is 50 mA, and
the resistance change in R; effected, by operating current,
is about 1 ppm. The operating current of R; is supplied
by secondary winding w.;, which consists of two series
windings wy3 ) and wy3 ;. The nominal value of resistors
R, (having an error of about + 2 - 107%) and R, (having
an error of about +1 - 1077) is also 20 Q. These two
resistors (and the associated secondary winding) are used
to reduce the magnetizing error of the inductive shunt at
low frequency; therefore, the magnetizing error is less
than 10 ppm. The ratio and phase angle errors of the in-
ductive shunt have been compensated so that the ratio er-
ror is less than 10 ppm and the time constant is less than
1 ns. In order for the output of the inductive shunt to sup-
port a burden, a connecting circuit has been adopted as
shown in Fig. 3. An output transformer is used to provide
isolation, thereby permitting flexible connections. The er-
ror of the voltage transformer ratio (1:1) is less than 2
ppm. The ranges of the input current of the inductive shunt
are 0.1, 0.25, 0.5, 1, 2.5, 5, and 10 A. When the input
currents are at their rated values, the output voltage is 1
V. The total uncertainty (3o) specification of the induc-
tive shunt is less than

+((1 + 0.4F) + j(1 + 0.5F)) - 1077

over the frequency range of 40 Hz to 10 kHz, where F is
in kilohertz. This expression for the total uncertainty was
obtained experimentally, and included one year of stabil-
ity data.

The ac voltage and current inputs of the new device
must be connected like the measured wattmeter W, in Fig.
1. in order to calibrate the device, XF-1. Hence, the ac
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Fig. 4. The ac current input loop and three-layer shiclds of the new device.

voltage loop (supplying the ac voltage signal u,) and the
ac current loop (supplying the ac current signal i, ) should
be isolated; in addition, leakage current Ai,; should be
very small so that the error caused by Ai; in Fig. | is
negligible. Because the low potential terminal of the ac
voltage u, is generally grounded, isolation between the
two loops must be established in the ac current input loop.
If such isolation can be realized, then the ac current input
connections of the wattmeter being measured can be flex-
ible when using the new device.

The ac current loop can be isolated as shown in Fig. 4.
There are three-layer shields in the inductive shunt and
the isolating current transformer in Fig. 4. The current
transformer is only required to have high efficiency for
power transfer, but the inductive shunt is required for high
transfer ratio accuracy from input current i, to output volt-
age u;. When the indication of the ac null detector G, be-
comes zero, by adjusting iy, the leakage current between
the current input loop and ground will be minimized. And
when the indication of detector G, is zero, by adjusting
up the measurement terminal of the input current loop will
be shielded from any interference current. In actual op-
eration, the null indications of &, and G, are read auto-
matically using voltage followers,

V1. AC Resistance DiviDer
A resistance divider similar in principle to the divider
described in [4] has been used to expand the ranges of
input voltage. If only accuracy is considered, an inductive
voltage divider (IVD) is most suitable. However, an IVD

has some disadvantages: large volume, weight, input cur-
rent at low frequency, and high input voltage. To over-
come these disadvantages, a new high accuracy resistance
divider with multisection shielding has been adopted in
the new device. The same connecting circuit as described
above has also been employed to reduce the output imped-
ance of the resistance divider and to isolate it from other
circuits. The resistance divider has been constructed of
thin-film resistors, with a current rating of 2 mA. lis
shielding circuit consists of some mica capacitors, and its
ratio error at high frequency has been compensated as de-
scribed in [4].

The ranges of input voltage of the resistance divider are
15, 30, 75, 150, 300, 450, and 600 V. When the input
voltages are at their rated values, the output voltage is 1
V. The ratio and phase angle total uncertainties of the
resistance divider (3o) are less than

+((2 + 0.3F) £ j(0.5 + 1F)) - 107°

over the frequency range of 40 Hz to 10 kHz, where F is
in kilohertz. This expression for the total uncertainty was
obtained experimentally, including one year of stability
data.

VII. AC SiGuaL SourRCE aND MEASURING SYSTEM

The complete power measuring system is shown in Fig.
5. The ac power signal source, frequencies, phases, am-
plitudes, and ranges all can be automatically controlled
through the IEEE-488 bus. The differential thermal EMF
of the voltage multiplier (see Fig. 2(a)) is amplified to
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control the output power of the ac power signal source;
hence, the automatic measurement level of the system is
increased. The stability of this ac power measuring sys-
tem is better than 30 ppm /3 min (40 Hz to 10 kHz, in-
cluding the line power frequency). This device can also

DC HETER
____________________________________________ |
Fig. 5. Complete power measurement system.
where F is in kilohenz:

i rated values of the current ranges,

Iy rated values of the voltage ranges,

@ phase difference of the ac voliage to current,
AP, permissible measurement error of the input

be used as an ac voltage measuring system and an ac cur-
rent measuring system. The stability is better than 20
ppm /3 min for ac voltage and current measurement (40
Hz to 10 kHz, including the line power frequency).

A microcomputer is used to sample and process the data
of the DVM and the measured wattmeter. The resulis of
the measurements can then be corrected automatically
with the calibrated values of the resistance divider, the
inductive shunt, and the voltage multiplier. The cali-
brated results can also be printed automatically.

VIII. TECHNICAL SPECIFICATIONS
The main technical specifications of the new device are
shown as follows.,
1) Measuring range:
a) ac input voltage 15-600 V,
b} ac input current 0.1-10 A,
c) frequency band 40 Hz to 10 kHz,
d) range of the power factor cos¢p = 0 — 1.
2) Permissible relative error (7,) of the power mea-
surements:

—_
’-k Uy Ccos ¢
<+((5+F)+(2+2F)tang)- 107"

T

power.

When cos ¢ = 1, the permissible error of the power mea-
surement is from 50 to 150 ppm over the frequency band
of 40 Hz to 10 kHz.

3) Measurement accuracies of ac voltage and current
are better than 35-100 ppm over the frequency range of
40 Hz to 10 kHz.
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